The regulator of G protein signaling 9-2 (RGS9-2) is a constituent of G protein-coupled receptor (GPCR) macromolecular complexes with a major role in regulation of GPCR activity in the central nervous system. Previous in situ hybridization and Western blot studies revealed that RGS9-2 is expressed in the superficial dorsal horn of the spinal cord. In the present study, we monitored tail withdrawal latencies to noxious thermal stimuli and performed in vitro whole-cell patch clamp electrophysiological recordings from neurons in lamina II of the spinal dorsal horn to examine the role of RGS9-2 in the dorsal horn of the spinal cord in nociceptive behaviours and opiate mediated modulation of synaptic transmission. Our findings obtained from RGS9 knockout mice indicate that the lack of RGS9-2 protein decreases sensitivity to thermal stimuli and to the analgesic actions of morphine in the tail immersion paradigm. This modulatory role of RGS9-2 on opiate-mediated responses was further supported by electrophysiological studies showing that hyperpolarization of neurons in lamina II of the spinal dorsal horn evoked by application of DAMGO ([D-Ala2, N-MePhe4, Gly-ol]-enkephalin, a mu opioid receptor agonist) was diminished in RGS9 knockout mice. The results indicate that RGS9-2 enhances the effect of morphine and may play a crucial role in opiate-mediated analgesic mechanisms at the level of the spinal cord.
Regulator of G protein signaling 9-2 (RGS9-2) plays a major role in the modulation of G protein-coupled receptor (GPCR) activities in the central nervous system [17] . As a constituent of GPCR macromolecular complexes, RGS9-2 interacts with Gα subunits or several adaptor molecules like R7BP [1, 13] to modulate receptor responsiveness and deactivation kinetics as well as the amplitude and duration of postsynaptic potentials [10, 12, 14] . It has also been demonstrated that activation of RGS9-2 has an inhibitory effect on receptor endocytosis [14, 21] . A bulk of recent in vitro and in vivo studies reveal that drug treatment-or genetic mutation-evoked changes in the composition of RGS9 complexes have major consequences on GPCR sensitivity [12, 14, 8, 4, 15] . Results obtained from experiments on genetic animal models have demonstrated a potent role of RGS9-2 in psychostimulant, opiate, antipsychotic and antiparkinsonian drug responses [14, 18, 22, 3, 9] .
In situ hybridization as well as Western blot analysis revealed a substantial expression of RGS9-2 in the nociceptive recipient superficial laminae of the spinal dorsal horn [22] . Although the regulatory role of RGS9-2 in synaptic transmission has been extensively studied in higher brain regions [21, 4, 15, 18] the potential contribution of RGS9-2 to neural mechanisms underlying spinal pain transmission is poorly understood. To fill this gap we initiated a series of studies on the role of RGS9-2 in spinal nociceptive processing.
In the present study we monitored tail withdrawal latencies to noxious thermal stimuli and performed in vitro whole-cell patch clamp electrophysiological recordings from neurons in lamina II of the lumbar dorsal horn to investigate the role of RGS9-2 in the modulation of nociceptive behaviour and opiate-mediated synaptic transmission in the spinal dorsal horn. Findings obtained from RGS9 knockout mice and their wild-type littermates suggest that RGS9-2 enhances the effect of morphine and may play a crucial role in opiate-mediated antinociception at the level of the spinal cord.
Experiments were carried out on male RGS9 knockout (RGS9KO) mice and their wild-type controls (RGS9WT) [5] . Care and handling of animals followed the Helsinki Declaration and European Union regulations and adhered to the guidelines of the Committee for Research and Ethical Issues of IASP. All animal study protocols were approved by the Animal Care and Protection Committees of the University of Debrecen and University of Crete.
2-4 month old RGS9KO mice and their wild-type controls were tested for tail withdrawal latencies (TWL) to noxious thermal stimuli using the warm water tail-immersion assay [2] . Animals were habituated for 7 days in the tail immersion apparatus. On day 7, animals were gently held in a cloth towel and the tip of their tail (the terminal 2-3 cm) was immersed into hot water. The temperature of the water was accurately set at 54 °C. The time elapsing between the immersion and removal of the tail from the warm water was recorded and considered as TWL [2] . If the animals did not remove their tail from the hot water in 15 s (cutoff time) the trial was terminated by the investigator. For morphine analgesia studies, the drug was injected subcutaneously in a dose of either 1 or 3 mg/kg immediately after testing the baseline response latencies. The tail withdrawal latency test was repeated 30 min after morphine injection. Naloxone (NLX, 0.3 mg/kg s.c., Sigma) was administered 30 min after morphine administration and tail withdrawal latencies were monitored 5 min post NLX injection. From the measured values, the maximal possible effect (MPE) was calculated using the following equation: MPE = ([latency-baseline]/[cutoff-latency]). Results indicate mean values ± SEM. Statistical differences between experimental groups were computed using a two way ANOVA followed by the Bonferroni post hoc test. Naïve 2-4 month old male RGS9KO and their littermate RGS9WT mice were injected with 30 μl of 4% formalin in the plantar surface of the left hindpaw and nociceptive responses (licking and biting) were recorded for 60 min, in 10 min intervals. Animals were euthanized immediately after the end of the experiment. The first 10 min (phase I) are associated with activation of primary afferent nociceptors from the chemical stimulus, while the remaining time interval (phase II) is related to tissue injury responses [23] .
Experiments were performed in 3-10 week old mice (10 per genotype). Animals were decapitated under deep ether anaesthesia and the spinal cord was removed. A block of the spinal cord containing spinal segments L1-L5 was dissected and 300-400 μm thick transverse slices were cut with a Vibratome. Spinal cord slices were then incubated in normal ACSF (NaCl, 126 mM; KCl, 3 mM; CaCl 2 , 2 mM; MgCl 2 , 2 mM; NaH 2 PO 4 , 1.3 mM; NaHCO 3 , 26 mM; glucose, 10 mM) at room temperature for at least 1 h prior to recording.
All recordings were performed according to a protocol described by Szûcs et al. [20] . Briefly, in the recording chamber, slices were continuously perfused with ACSF (perfusion rate: 1-3 ml/min) at room temperature. Neurons in lamina II were visually identified under a Zeiss Axioskop FS microscope equipped with a 40× DIC objective and recorded in wholecell current-clamp configuration with an Axopatch-1D amplifier (Axon Instruments, Union City, CA, USA) by using 7-10 MΩ glass microelectrodes (Harvard Apparatus Ltd., Kent, UK). The intracellular solution contained (in mM) K-gluconate, 126; KCl, 4; ATP-Mg, 4; GTP-Na 2 , 0.3; Na 2 -phosphocreatine, 10 and HEPES, 10 at pH 7.2. Resting membrane potential of the cells was measured, input resistance was calculated and firing patterns of the neurons were investigated by applying 800 ms long incrementing current steps ranging from −30 pA to 130 pA. Data were filtered at 5 kHz, recorded in a computer and analyzed off-line after the recording session. After this 2-5 min long recording session, DAMGO (Sigma) was applied in 2-4 μM concentrations into the bath for 2-5 min, and the response of the cell to DAMGO application was recorded. The application of the drug was followed by a 10-15 min wash out period. After the wash out period the slice was discarded; only one cell was recorded from each slice.
Recorded data were analyzed with Clampfit 9.0 analysing software. Numerical data are presented as mean ± SEM. Because of the negative results obtained in the RGS9KO mice, we were not able to make any statistical comparison between sets of data obtained from wild-type and mutant animals.
To assess the role of RGS9-2 actions in spinal cord mediated nociceptive responses, we used the 54 °C water tail immersion paradigm. Fig. 1a demonstrates that knockout of the RGS9 gene affects baseline latencies in the tail immersion test, as RGS9KO mice showed a 3.5 ± 0.5 s latency, whereas their wild-type controls showed a lower withdrawal latency (2.08 ± 0.2 s). This difference in tail immersion latencies is reversed by application of the opioid receptor antagonist naloxone (5 mg/kg s.c., WT/NLX latency = 2.4 ± 0.19 and KO/NLX latency = 2.9 ± 0.3).
As the tail immersion data suggest that loss of RGS9 affects responses to some acute noxious stimuli, we also examined the influence of RGS9 in persistent pain. Therefore, in the next set of studies we monitored responses of RGS9KO mice in the formalin test. In particular, we monitored biting and licking behaviour for 60 min after injection of formalin to the plantar surface of the left hind paw. As shown in Fig. 1b, RGS9KO mice show similar nociceptive behaviour to their wild-type controls, in both phases of the formalin test. No statistically significant differences in nociceptive behaviour were observed between genotypes (two way ANOVA followed by Bonferroni test).
We next examined the antinociceptive effect of opioids in RGS9KO and RGS9WT mice in the tail immersion paradigm. For this reason, we used the mu opioid receptor agonist morphine [6, 11] . In this set of studies, tail withdrawal latencies (TWL) were measured at baseline and 30 min following morphine administration (1 or 3 mg/kg s.c.). As shown in Fig. 2 , morphine administered at a dose of 1 mg/kg produced an antinociceptive effect in wild-type animals (% MPE = 42.7 ± 7) but had a minor effect in TWL responses in RGS9 knockout mice (18 ± 7). When higher doses of morphine were used, both genotypes showed a robust increase in tail withdrawal latencies (% MPE for RGS9WT = 77.7 ± 15 and for RGS9KO = 89.6 ± 8.6). Morphine response to 3 mg/kg was blocked 5 min after s.c. administration of the opioid receptor antagonist naloxone (NLX) as shown in Fig. 2 .
We next tested the effect of the mu opioid receptor agonist DAMGO on 57 and 33 neurons from 41 wild-type and 22 RGS9 knockout animals, respectively. All recorded neurons, regardless whether they were recorded in RGS9WT or RGS9KO animals, presented similar resting membrane potential. The average resting membrane potential of the recorded neurons was −50 ± 1 mV in wild-type and −49 ± 1 mV in RGS9−/− animals. The input resistance of the recorded lamina II neurons proved to be also very similar in the two experimental groups (704 ± 63 MΩ in wild-type and 717 ± 70 MΩ in RGS9 knockout animals).
In RGS9WT animals, 11 of the 57 recorded neurons responded to DAMGO; all of them with a prominent hyperpolarization (Fig. 3a and b) . The responses were observed in 20-180 s after the onset of drug application, reached a peak of 8.9 ± 1.1 mV in 1.19 ± 0.13 min after the commencement of the hyperpolarization and lasted for 4.37 ± 0.35 min (Fig. 3a) . In RGS9KO animals, the full DAMGO pharmacology protocol was carried out, but none of the 33 recorded neurons responded to the drug (Fig. 3a and b) .
The present findings demonstrate that deletion of the RGS9 gene decreases sensitivity to hot water in the tail immersion paradigm suggesting that RGS9-2 plays a role in spinal processing of noxious thermal stimuli. On the other hand, deletion of the RGS9 gene does not affect the expression or severity of formalin induced nociceptive behaviour.
Our studies also reveal that functional deletion of the RGS9 gene renders animals less sensitive to morphine in the tail immersion assay. This modulatory role of RGS9-2 on opiate-mediated responses was further supported by electrophysiological studies showing that hyperpolarization of neurons in lamina II of the spinal dorsal horn evoked by application of the mu opioid receptor agonist DAMGO was diminished in mutant mice. These results indicate that enhancement of RGS9-2 activity may reduce the amount of morphine required for attenuation of nociceptive dorsal horn responses, and thus may eliminate side effects and abuse potential associated with morphine application. Experimental data from the present study may be particularly important for the development of treatment strategies targeting pain at the level of the spinal dorsal horn.
In earlier studies we demonstrated that RGS9-2 forms complexes with the mu-opioid receptor [14] . It has also been demonstrated that RGS9-2 interacts with several molecules involved in mu-opioid receptor signaling and desensitization, including β-arrestin-2 and spinophilin [14, 4] . The interaction between RGS9-2 and β-arrestin-2 is especially interesting, as it has been shown that beta-arrestin 2 plays a prominent role in morphine analgesia at both spinal and supraspinal sites [16] . Here we provide additional evidence on the active participation of RGS9-2 in opioid receptor mediated nociceptive information processing mechanisms in the spinal dorsal horn.
Several studies in recent years indicate that pre-and postsynaptic opioid receptor mechanisms play a substantial role in spinal pain processing. Our results further support this notion, and suggest that RGS9-2 contributes to the fine-tuning of signaling mechanisms related to opioid receptor-associated molecular complexes. Deletion of the RGS9 gene increases thermal tail withdrawal latencies and decreases sensitivity of lamina II dorsal horn neurons to the MOR agonist DAMGO. Thus, RGS9-2 in the spinal cord enhances MOR responsiveness, and in the absence of the protein higher doses of the drug are required to produce an antinociceptive effect. There are several mechanisms that may contribute to this phenotype. Our hypothesis is that RGS9-2 forms complexes with Gα subunits and other signaling/scaffolding molecules to facilitate mu opioid receptor responsiveness. Deletion of the RGS9 gene affects these protein/protein interactions, decreases the sensitivity of the receptor to morphine and therefore higher doses of the drug are required to produce an antinociceptive response. It is also possible that high morphine doses elicit an antinociceptive response by activating other opioid receptor subtypes (delta, kappa) or by activating opioid receptor heterodimers [19] which may function via mechanisms that do not involve RGS9-2 actions. The differences in tail immersion responses to morphine between genotypes may also derive from diminished nociceptive control from supraspinal sites where RGS9-2 plays a negative modulatory role in MOR responsiveness. As cannabinoid receptors are also involved in spinal analgesic responses, RGS9-2 may affect TRPV channel function via modulation of CB1 cannabinoid receptors [7] . Although our preliminary studies show no role of RGS9-2 in CB1 responses in reward paradigms, future studies will address this possibility.
Comparing our present and earlier findings, it appears that RGS9-2 exerts a different influence on opioid receptor mechanisms at spinal versus supraspinal levels. We have previously reported that deletion of the RGS9 gene increases sensitivity to the rewarding actions of morphine in the place preference paradigm and to the analgesic actions of the drug in the hot plate test, a paradigm assessing mostly supraspinal antinociceptive responses [22] . In contrast, here we demonstrate that in spinal cord mediated behaviours, mutant mice show decreased sensitivity to hot water and morphine. We also show that hyperpolarization of spinal neurons evoked by the application of a mu opioid receptor agonist is abolished in RGS9 knockout mice. Thus, while RGS9-2 acts as a negative modulator of morphine actions in supraspinally mediated behaviours, it acts as a positive modulator of morphine actions in spinal cord mediated responses. As the function of signal transduction molecules depends on local protein/protein interactions, it is possible that this difference in the modulatory effect of RGS9-2 on morphine action at spinal versus supraspinal levels may be related to the composition of signal transduction complexes modulating mu opioid receptor function at different CNS regions. For example, while it is clear that RGS9-2 forms complexes with Gβ5, R7BP and with Gα subunits in the striatum [13, 4, 15] , it remains unknown if these complexes are also present in the spinal cord. In fact, studies using knockout mice reveal that signal transduction molecules involved in mu opioid receptor signaling and desensitization, like beta arrestin-2, differentially modulate morphine responses in spinal versus supraspinal sites [2] . Future investigation of the molecular composition of opioid receptor-associated signaling complexes will assess the function of complexes modulating mu opioid receptor responsiveness in the spinal cord and other brain regions expressing mu opioid receptors.
In summary, our study provides novel information about signal transduction molecules mediating sensitivity to noxious thermal stimuli, and responses to morphine in the spinal cord. As RGS9-2 is a key molecule for analgesia and addiction, understanding the tissue specific actions of this protein is essential for the development of more efficient treatment strategies and novel drug targets. RGS9-2 is a positive modulator of morphine analgesia in the tail immersion assay. RGS9KO mice showed decreased sensitivity to morphine in the tail immersion test, at low doses (1 mg/kg s.c.) compared to their RGS9WT controls (n = 11 per genotype). The thermal withdrawal latency is increased in wild-type but not in mutant mice. Both genotypes showed similar analgesic responses (n = 6-8) to morphine at higher doses (3 mg/kg). The analgesic effect of morphine in the tail immersion test is completely blocked following naloxone (NLX) administration (0.3 mg/kg s.c., n = 7-9 per group). Data are expressed as mean MPE ± SEM, *P < 0.05, two way ANOVA followed by Bonferroni post hoc test. 
